Abstract. Towards the consolidation of peace and national development, Ivory Coast must overcome the lack of cohesion, responsible for the emergence of two civil wars in the last years. As in many African countries, ethnic violence is a result of the way territories are organized and the prevalence of some groups over others. Nowadays the increasing availability of electronic data allows to quantify and unveil societal relationships in an unprecedented way. In this sense, the present work analyzes mobile phone data in order to provide information about the regional and ethnic interactions in Ivory Coast. We accomplish so by means of the construction and analysis of complex social networks with several types of interactions, such as calling activity and human mobility. We found that in a subregional scale, the ethnic identity plays an important role in the communication patterns, while at the interregional scale, other factors arise like economical interests and available infrastructure.
1.
Introduction. In the recent decades, African countries have gone through several armed conflicts among different ethnic and religious groups. The borders arbitrarily traced by Europeans for administrative convenience of the former colonial order split and joined ethnic groups into new countries, forcing them to coexist within previously nonexistent frontiers. Asymmetries in economical and geographical benefits between different ethnic groups have led some countries to different levels of social polarization, which have eventually resulted in civil wars. Recent studies have shown that violence emerges between ethnic groups when their territories are not well defined [13] , or when a group is large enough in order to prevail among others, but not as strong as to maintain order. Ivory Coast is not an exception of this context. In less than two decades the Ivorians have engaged in two internal armed conflicts, due to profound asymmetries between their inhabitants. Therefore, the characterization and understanding of their ethnic relationships is crucial to consolidate peace and to strengthen the social cohesion needed for any further economical development.
The increasing availability of user generated data is changing the way scientists understand, analyze and model the human behavioral patterns and societal phenomena [11, 18] . Such data result from the accumulation of individual traces produced by people as they interact either with electronic devices or Internet social networks. Recently, the analysis of electronic traces has enhanced our knowledge about how people behave, the resulting structure of their social networks and the way people influence each other [14] . In fact, these studies are unveiling the characteristics of societies as a whole physical system, rather than a collection of isolated individuals. For instance, the diversity of connections can explain the economical development of cities [9] , as well as the emotional state of individuals [19] . Also, topics popularity can explain the economical value of stocks [6] or locate earthquake epicenters [20] . Finally, patterns of mobility can predict the propagation of infectious diseases [22] or evaluate urban land use [21] . This knowledge represents an opportunity for governments and companies to gain intelligence about their social systems without the need of deploying unnecessary fieldwork.
The analysis of user generated data to improve social well-being is a very timely subject that has attracted the attention of several researchers, as well as governmental and international organizations over the last years. During the 2010 earthquake in Haiti, mobile phone activity resulted to be an accurate source of data to estimate human migrations after the natural disaster and the cholera outbreaks [2] . In Kenya, a similar approach may remarkably reduce the spread of contagious diseases like Malaria [22] . Furthermore, in Mexico, the most affected antennas presented a dramatic change in their activity during the large floods occurred in 2009, allowing scientists to reconstruct the population reaction to the catastrophe [17] . These studies are very important, since their results may benefit a large amount of human population, by improving and enhancing the efficacy and efficiency of governmental processes of strategic planning.
In this work we characterize and quantify ethnic and regional interactions in Ivory Coast by means of the study of their mobile phone activity patterns. We construct and analyze complex social networks [5] from human trajectories and calling activity to infer some of the properties of the social system structure [11] . In summary, we found that on a local and regional scale the linguistic identity strongly influences the ethnic interactions, while on a national and wider scale the underlying infrastructure and economical motivations play a major influential role. In fact, we have measured asymmetrical interactions between the regions of economical differences. The poorer and less developed regions of the north seem to preferentially communicate and migrate to the wealthier adjoined regions in the south, and not otherwise. The fact that these two regions engaged in war a couple of years ago, highlights the importance of quantifying interactions to understand to which extent conditions are set for violence emergence before it actually occurs.
The present paper is organized as follows. In section 2 we explain the datasets that we have analyzed. In section 3 we describe the networks that we have built to represent the social structure of Ivory Coast and we also explore their characteristics. In sections 4 and 5 we analyze the ethnic composition of the networks and describe the way that the ethnic groups have interacted among each other. 2. Data set. Mobile phones datasets are made out of Call Detail Records (CDR). These are produced by any phone call or SMS in the communication provider data bases. A CDR usually contains information about the origin and destination phone numbers, starting time of each call and its duration. The antennas that served the subscriber are also given. For telephone service providers, CDRs are critical for the production of the monthly bill. For researchers CDRs represent opportunities to understand nationwide calling and mobility patterns.
The present work is based on data from CDRs provided by France Telecom / Orange Côte d'Ivoire within the framework of the Data for Development D4D Challenge [3] . The data was collected for 150 days, from December 1, 2011 until April 28, 2012. The set of collected CDRs contains 2.5 billion calls and SMS exchanges between around 5 million anonymized users.
The first dataset contains the number and duration of all calls between any pair of antennas on hourly basis. Antennas are uniquely identified and their geographical location is known. The second dataset contains individual user trajectories through cell phone antennas during calls. This dataset contains the trajectory of 50,000 individuals during lapses of two weeks. The information provided regards the random identifier, the time-stamp when the call was made and the antenna from which it was made. The geographical location of all antennas are also known.
3. Characterizing populated areas. In order to characterize populated areas in Ivory Coast we studied the structure of the human trajectories network at the meso-scale level. This network displays the people's mobility patterns within a given territory. It is built out of the aggregation of individual trajectories. Each trajectory is defined as the sequential set of antennas that served a particular user in time. Antennas represent nodes and an edge is created between two antennas, i and j, if a user makes two consecutive calls, first from antenna i and later from antenna j. The edges are directed, from i to j, and weighted according to the number of times that all users performed the same trajectory. The resulting network has 1,215 nodes and 187,102 edges. A visualization of the dynamical growth of this graph during an arbitrary day is presented in [23] .
The modularity quantifies the fraction of edges between groups of nodes in comparison to the expected number if edges were randomly distributed [15] . By applying the community detection algorithm based on modularity optimization [4] , we found that the trajectories network could be classified in 100 network communities, which are shown in Fig. 1 together with the map of Ivory Coast. Communities comprehend a limited territorial area, not necessarily contained within the same regional borders, and are related to urban and rural settlements. It can be noticed that there is a larger density of antennas and communities in the south side of the country, while in the north side scattered antennas conform a few communities. Such difference in the density of antennas and communities is consistent with demographic information that reports the south side of Ivory Coast as more densely populated.
The density of edges also display the same structure. A snapshot of the trajectories network is presented in Fig. 2 . The nodes are located at the antennas' geographical coordinates and edges are colored in blue. The intensity of the edge is proportional to the edge's weight, which means that the most intense edges represent the trajectories more frequently used. The main cities (black circles) and southern regions concentrate a larger amount of edges than the north side, indicating a remarkable difference in the amount of human displacements between the two regions. Apart from demographic density, these patterns also result from the underlying infrastructure and economical activity. In Fig. 2 we have overlapped in red color the main roads of the country [7] . Most trajectories keep a remarkable correspondence to available roads. Some of them seem to be more frequently used, like the ones linking the north with the south of the country; while others are less frequently used, like the traversal road up in the north. The fact that some infrastructures are more frequently used than others can be a consequence of the fact that the region with more activity showed in Fig. 2 corresponds to the zone of cocoa plantations. Ivory Coast is the largest cocoa producer in the world with 36% of the global share [1] .
It has been stated that the economical development of large regions can be characterized and understood by means of cellphone activity patterns [9] . Accordingly, in this study we have analyzed the closeness-centrality property of the antennas in the trajectories network. This network property is inversely proportional to the average distance from a node to the rest of the network in terms of connections. It provides information about the central or peripheral behavior of nodes or regions according to all human displacements. In the top panel of Fig. 3 , we present the trajectories network coloring the edges according to the mean value of antennas' closeness-centrality. Red regions are highly central, yellow and pale blue regions are intermediate, and dark blue regions are peripheral. It can be noticed, that the most central area (red) corresponds to the main city and the regions it adjoins, while the most peripheral regions are located in the north and west sides (blue). The same effect can be seen if we color nodes according to their closeness-centrality value, as shown in the bottom panel of Fig. 3 . This is in agreement to international reports [8] that identify the north and the west side of the country as the less developed areas.
4. Ethnic interactions. In order to understand the ethnic composition of this graph, we have taken into account the ethnic and linguistic identity of each network community. For this purpose, we mapped each community to its geographically closest ethnic group, according to the location of the communities' most connected antenna and the ethno-linguistic information explained in the Appendix A. Although there are other methods to map ethnic groups, such as the majority rule, we have chosen this criterion because the most connected antenna indicates where most of social activity takes place. In Fig. 4 we present the trajectories network by coloring edges according to the linguistic family. It can be seen how the most densely connected areas, like the capital city or the cities in the center of the country (black circles), concentrate links from different linguistic areas, while most of regions mainly present trajectories within their own linguistic family. After mapping the ethnic groups, we have constructed a second network taking into account a new type of interaction, such as the antenna-to-antenna calling information (see section 2). In this network, the nodes represent the 100 communities found in the trajectories network (see section 3) whose ethnic identity is already known. The edges correspond to the number of calls made from one community to the other. The edge direction goes from the emitter community to the receiver community and the weight is equal to the number of occurrences found in the datasets.
In order to get a clearer view of the way that ethnic groups communicate with each other, we present in Fig. 5 A the weighted adjacency matrix of the ethnic groups calling network normalized by row. This normalization provides relative information about the destination and origin of outgoing and incoming calls by group. The diagonal entries of the matrix are higher than the other elements indicating that most of outgoing calls remain in the same community. In fact, the preference of people to communicate with similar ones increases with the social scale of the network. When we aggregate the communities by ethnic group and linguistic family ( Fig. 5 B and C) , the assortative coefficient [16] of each matrix increases from r ∼ 0.5 to r ∼ 0.8 (Fig. 5 D) , being r = 1 the case of absolute segregation. Such Figure 5 . Normalized adjacency matrices of the calls network corresponding to the community structure from the trajectories network (A), ethnic group aggregation (B) and linguistic family aggregation (C). Assortativity coefficient of selectiveness to call on local scale (community), subregional scale (ethnic group) and regional scale (linguistic family) (D).
increase indicates that there is a higher segregation between ethnic groups when we consider their linguistic family.
Moreover, not all families behave the same way. The southern families (number 1 and 2 in Fig. 5 C) present a larger proportion of calls directed to their own linguistic family, in comparison to the northern families (number 3 and 4 in Fig. 5 C) , whose activity directed to other linguistic families is relatively larger. In Fig. 6 , we present the intra-family flux (calls directed to the same linguistic family) and inter-family flux (calls directed to a different linguistic family) of calls. In the figure the symbols represent communities from the trajectories network and the color corresponds to the linguistic family they belong to. The further the community is located below the dashed line of slope 1, the higher the family internal traffic in comparison to the external traffic. Most of the southern ethnic groups (blue and green dots) are farther from the diagonal line than the northern ones (yellow and red dots). This means that the internal traffic in southern ethnic groups is much higher than their external one, while on northern families the external traffic is comparable with the internal one. The external calling traffic from the northern ethnic groups is directed selectively towards their adjoin southern families. In Fig. 5 C, we see that the family 1 and 4 are more connected between them than with the rest of families; while family 2 and 3 behave the same. Such observation is in good agreement with the mobility patterns shown in Fig. 2 , where the vertical roads seem to have a higher significance than the horizontal ones; as well as with the patterns shown in Fig. 4 , where we showed that the mobility of the northern families to the south are stronger with the adjoin regions.
5. Effects of selectiveness in the calling behavior. To further understand the selectiveness in the communication patterns between the east and west side of the country, we built a third network taking into account another type of social interactions. Specifically we built a network from the calling behavior at the tower level, extracting only information from the first dataset described in section 2. The nodes in this network also represent single antennas, and an edge is created from the antenna i to the antenna j, when a user that is being served by the antenna i makes a call to another user who is served by the antenna j. The resulting is a directed Figure 7 . Mapping the community structure of the calls network of Ivory Coast. Antennas represent nodes and are plotted in different colors and shapes, according to the community they belong gotten from the community detection algorithm. and weighted network, where the weight of the edges represents the total number of calls made from the antenna i to the antenna j along the whole observation period.
This calls network is composed by over 19 communities of antennas, according to the modularity optimization algorithm [4] . The distribution of this communities along the geography of Ivory Coast is shown in Fig. 7 . The communities show a relationship with administrative areas marked with gray lines, although at some cases these human borders are not in correspondence to the political ones. In [23], we present an animation with the dynamics of this network and a visualization of the influence that each of the 19 communities have among each other.
In order to capture how communities influence the rest of the network, we analyzed the density of calls directed to the given communities from the rest of antennas. To quantify such preference, we have classified these communities using a k-means clustering algorithm [10] , according to the density of calls to the rest of communities.
The results are presented in Fig. 8 , where we have plotted the antennas with different colors, according to the classifier results. We found that the country is divided between the east side and west side of the map, as was previously intuited in the Fig. 5 C. 6. Conclusions. By means of the analysis of the emergent patterns from human trajectories and calling networks, we have characterized the interactions and resulting structure of the diverse geographical and social areas of Ivory Coast. From a social and ethnic perspective, we found that the linguistic identity plays a fundamental role in the communication patterns of this country. The Ivorian people, seem to preferentially communicate to those that belong to the same local community, but more drastically to those that share the same linguistic family. Yet these preferences are not equal to all linguistic families. The peripheral regions of the north seem to communicate with their adjoin southern regions more significantly than otherwise. This behavior may be explained due to economical reasons. The north side has to trade with the south and therefore that is reflected in the communication patterns observed. Another reason could be the result of domestic migrations from the less developed areas in the north to the southern and more economically developed areas. Therefore, it could be that the communication patterns reflected in Fig. 6 can just be an artifact of intra-family communications. More evidence is needed in order to clearly distinguish the real influence of both cases.
As a result, the Ivorian communication map is organized in two interacting regions located at the east and west side of the country. On this basis, we conclude that the geographical and social factors, whether cultural or economical, determine the structural features of the social interchange. In the sense that on a local and subregional scale, the ethno-linguistic factor determines the interaction patterns, while on a wider scale, the available infrastructure and economic facts play a major influence in the social dynamics. Appendix A. Ethno-linguistic groups in Ivory Coast. Ivory Coast presents a complex society composed by more than 60 different ethnic groups. Although French is the official language and it is broadly spoken along the country, each ethnic group has its own language. Such many and diverse languages are classified into four large linguistic families: Kwa, Kru, Mande and Gur [12] . The territories of these four linguistic families are well defined in the four coordinates of the country.
In summary, the Kwa group is located in the southeast side of the country. This is the most economically developed region where the capital city and other major cities are located, as well as the main Ivorian airport and seaport. The Kru group is located in the southwest side, also in the Atlantic coast. The second seaport in Ivory Coast is located at this region, which brings economical benefits to these people. The Mande group is found in the northeast side of the country, and the northwest region is occupied by the Gur family. The northern regions occupied by the Mande and Gur groups are the least populated regions of the country and less economically developed areas.
